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Abstract. We computed electron impact ionisation cross sections (EICSs) of iron hydrogen clusters, FeHn
with n = 1, 2, . . . , 10, from the ionisation threshold to 10 keV using the Deutsch-Ma¨rk (DM) and the
binary-encounter-Bethe (BEB) formalisms. The maxima of the cross sections for the iron hydrogen clusters
range from 6.13 × 10−16 cm2 at 60 eV to 8.76 × 10−16 cm2 at 76 eV for BEB-AE (BEB method based
on quantum-chemical data from all-electron basis sets) calculations, from 4.15 × 10−16 cm2 at 77 eV to
7.61 × 10−16 cm2 at 80 eV for BEB-ECP (BEB method based on quantum-chemical data from eﬀective-core
potentials for inner-core electrons) calculations and from 2.49 × 10−16 cm2 at 43.5 eV to 7.04× 10−16 cm2
at 51 eV for the DM method. Cross sections calculated via the BEB method are substantially higher than
the ones obtained via the DM method, up to a factor of about two for FeH and FeH2. The formation of
Fe-H bonds depopulates the iron 4s orbital, causing signiﬁcantly lower cross sections for the small iron
hydrides compared to atomic iron. Both the DM and BEB cross sections can be ﬁtted perfectly against
a simple expression used in modelling and simulation codes in the framework of nuclear fusion research.
The energetics of the iron hydrogen clusters change substantially when exact exchange is present in the
density functional, while the cluster geometries do not depend on this choice.
1 Introduction
Plasma-wall interaction (PWI) remains one of the key is-
sues in nuclear fusion research. In nuclear fusion devices,
such as the JET tokamak or the International Thermonu-
clear Experimental Reactor (ITER; presently under con-
struction), ﬁrst-wall materials will be directly exposed to
plasma components. In ITER, the ﬁrst-wall is envisaged
to be coated with beryllium (at the main wall) and tung-
sten (in the divertor) [1]. JET has demonstrated success-
ful plasma operation using this combination of materials
which strongly supports this choice for ITER [2]. Tak-
ing a longer term perspective, such as in the fusion pro-
gram DEMO and beyond it in industrial applications of
nuclear fusion, it would be far better, however, to avoid
the highly toxic and hence diﬃcult to handle beryllium.
The use of stainless steel (i.e. the Eurofer steel envisaged
for DEMO [3,4]) for some portions of the main wall may
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then come into consideration. Erosion of ﬁrst-wall mate-
rials is a consequence of the impact of hydrogen and its
isotopes as main constituents of the hot plasma [5,6]. Be-
sides the formation of gas-phase atomic species in various
charge states, also di- and polyatomic molecular species
are expected to be formed via PWI processes. These com-
pounds may profoundly disturb the fusion plasma and
may also lead to unfavourable re-deposition of materi-
als and composites in other areas of the vessel [7–10].
Detailed knowledge and quantiﬁcation of interactions be-
tween atoms, molecules and the plasma as well as of the
transport of impurities is thus of considerable interest for
modelling and simulation of fusion plasmas [11]. Collisions
of atoms and molecules with electrons are an important
example of such processes. They are mainly characterised
by the respective electron-impact ionisation cross sections
(EICSs). Their understanding is especially important for
modelling the plasma energy balance. Apart from mag-
netic conﬁnement fusion, EICS data also plays a role in
astrophysics and in a variety of other applications, such as
low-temperature processing plasmas, gas discharges, and
in chemical analysis [12].
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Generally speaking, FeHn molecules and clusters are
rather unstable, compared to other metal hydrides. Iron
hydride, FeH, has only been identiﬁed in the gaseous state
and in matrices. It is of considerable astronomical impor-
tance and has been subjected both to experimental and
theoretical investigations [13]. Its so-called Wigner-Ford
band, an IR peak at 990 nm, has been found in the spec-
trum of the sun. FeH2 has a 5Δg ground state. The fre-
quency of its vibrational bending mode is 226 cm−1, char-
acteristic of a very ﬂoppy angular bending [14], while the
asymmetric Fe-H stretching frequency at 1674 cm−1 in-
dicates bonds of medium strength [15]. In addition, FeH2
is normally only stable as a diluted gas or in matrices,
although recently [16] a solid high-pressure phase with
the stoichiometry of FeH2 has been synthesised. All other
FeHn clusters from FeH3 onwards can be thought to con-
sist of FeH or FeH2 with H2 molecules bound to them.
In the following, we simply call all FeHn assemblies iron
hydrogen clusters. Takahashi et al. [17] report data on
a number of these clusters from plane-wave DFT calcula-
tions. Their ﬁndings on geometries agree mostly with ours,
although there are small discrepancies (see Sect. 3.1).
During the past few decades, a number of semi-
empirical methods that typically use quantum-chemically
calculated electronic structure information as input have
been developed in order to derive absolute EICSs for vari-
ous molecules. Their accuracy is usually in the same range
as corresponding experimental data. Among them, the
most-widely used methods are the binary-encounter-Bethe
(BEB) theory of Kim and Rudd [18], Kim et al. [19] and
the Deutsch-Ma¨rk (DM) formalism [20]. These methods
have been successfully applied to atoms, molecules, clus-
ters, ions and radicals [21].
In the context of fusion-relevant species, EICSs were
reported earlier for beryllium [22,23], its hydrides [24],
tungsten and its oxides [25,26] and beryllium-tungsten
clusters [27]. In this work we report calculated EICSs
using both the BEB and the DM method for neutral
iron-hydrogen clusters, in particular for FeHn with n =
0, 1, 2, . . . , 10 compounds, since iron is the main compo-
nent of steels. To the best of our knowledge there is no
such cross section data available for iron-hydrogen clus-
ters up to now. We also report parameters obtained by
ﬁtting the calculated cross sections to an expression com-
monly used in codes modelling the impurity transport in
fusion edge plasmas such as ERO [28–30].
2 Methods
2.1 The DM formalism
The DM formalism was originally developed as an easy-to-
use semi-empirical approach for the calculation of EICSs
of atoms in their electronic ground-state from threshold
to about 100 eV [20]. In its most recent variant [21,31],
the total single electron-impact ionisation cross section σ








nl (u) [ln(cnlu)/u], (1)
where rnl is the radius of maximum radial density of
the atomic sub-shell characterised by quantum numbers n
and l (as listed in column 1 in the tables of Desclaux [32])
and ξnl is the number of electrons in that sub-shell. The
sum extends over all atomic sub-shells labeled by n and l.
The gnl are weighting factors, which were originally de-
termined by a ﬁtting procedure [33,34] using reliable ex-
perimental cross section data for a few selected atoms, for
which the accuracy of the reported rate is in the range
of 7–15%. The reduced energy u is given by u = E/Enl,
where E refers to the incident energy of the electrons and
Enl denotes the ionisation energy of the sub-shell char-
acterised by n and l. The energy-dependent quantities
b
(q)
nl (u) were introduced in an eﬀort to merge the high-
energy region of the ionisation cross section, which follows
the Born-Bethe approximation [35], with the DM formula
of the cross sections in the regime of low impact energies.






p + A2, (2)
where the four constants A1, A2, A3 and p were deter-
mined, together with cnl, from reliably measured cross
sections for the various values of n and l. The superscript q
refers to the number of electrons in the (n, l)-th sub-shell
and allows the possibility of using slightly diﬀerent func-
tions b(q)nl depending on the number of electrons in the
respective sub-shell. At high impact energies u goes to
inﬁnity, the ﬁrst term in equation (2) goes to zero and
b
(q)
nl (u) becomes a constant ensuring the high-energy be-
haviour predicted by the Born-Bethe theory [35].
The DM formalism has been extended to the calcula-
tion of EICSs of atoms in excited states, molecules and
free radicals, atomic and molecular ions, and clusters [21].
For the calculation of the EICS of a molecule, a popu-
lation analysis [36,37] must be carried out to obtain the
weights with which the atomic orbitals of the constituent
atoms contribute to each occupied molecular orbital.
These weights are obtained from the molecular orbital
coeﬃcients after a transformation employing the overlap
matrix in order to correct for the non-orthogonality of the
atomic basis functions.
2.2 The BEB method
The BEB model [19] was derived from the binary-
encounter-dipole model [18] by replacing the df/dE term
for the continuum dipole oscillator strengths with a sim-
pler form. Thus, a modiﬁed form of the Mott cross section,
together with the asymptotic form of the Bethe theory
describing the electron-impact ionisation of an atom, was
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where t = T/B, u = U/B, S = 4πa20NR2/B2, a0 de-
notes the Bohr radius (0.5292 A˚), R is the Rydberg en-
ergy (13.6057 eV), and T denotes the incident electron
energy. N , B and U are the electron occupation number,
the binding energy (ionisation energy), and the average
kinetic energy of the respective molecular orbital, respec-
tively. In the BEB model, the total cross section, similarly
to the DM method, is then obtained by summation over
the cross sections for all molecular orbitals.
The cross section formula given by equation (3) has ex-
perienced several modiﬁcations over the years for atoms
and molecules involving orbitals corresponding to princi-
pal quantum numbers larger than two [38–43]. The BEB
cross section that includes this modiﬁcation, which be-
came known also as “acceleration correction” [44], reads:
σBEB (t) =
S















where for atoms n = pqn, with pqn denoting the principle
quantum number, for orbitals with pqn  3, n = 1 for
orbitals with pqn = 1, 2, and for molecules n = pqn if
the Mulliken population analysis of the respective molec-
ular orbital yields that the component of a speciﬁc atomic
orbital with pqn  3 is dominant, i.e. its contribution is
larger than 50%, and n = 1 otherwise. Also for singly
charged molecular ions n = 2 is taken, which does not,
however, apply to this work.
The quantum chemical data needed to calculate
EICSs are normally derived from all-electron calcula-
tions. For heavy elements and molecules containing them
valence-shell-only calculations using eﬀective-core poten-
tials (ECPs) [45] can be used. This facilitates the quan-
tum chemical calculations and allows the incorporation of
relativistic eﬀects. Due to the lack of inner radial nodes
of the pseudo-valence orbitals, their kinetic energies are
lower than normal and equation (3) can be used to de-
termine the BEB cross section [46]. In this work we com-
pare all-electron and valence-only methods to obtain BEB
cross sections. When equation (4) is used together with or-
bital and kinetic energies from all-electron quantum chem-
ical calculations, we refer to the method as the BEB-AE
method for the remainder of this work. Due to the use of
ECPs in determining the orbital and kinetic energies, we
refer to the second method as BEB-ECP method for the
remainder of this work. The BEB-ECP method has earlier
been recommended over the all-electron BEB-AE method
for molecules that contain heavy (atomic number Z > 10)
atoms [47].
2.3 Quantum chemical calculations
Recently, globally optimised structures of FeHn with
n = 0, 1, 2, . . . , 10 were reported [17]. We used these as
starting geometries that were further optimised employ-
ing the PBE [48,49], PBE0 [50] and B3LYP [51] density
functionals, all in conjunction with the Def2-TZVP basis
set [52,53]. This allows exploration of the eﬀect of inclusion
of exact exchange on the geometry and energetics of these
clusters. The binding energies, EBE of the iron hydrogen
clusters were determined according to:
EBE (FeHn) = E (Fe) + nE (H2) /2− E(FeHn), (5)
where E(x) denotes the energy of compound x including
the zero-point vibrational energy.
Occupation, binding energy and average kinetic en-
ergy for each molecular orbital as required for the cal-
culation of the BEB-AE and BEB-ECP cross sections
(see Sect. 2.2) were calculated at the HF/Def2-TZVP and
HF/CEP-4G levels of theory, respectively, using the ge-
ometries obtained with B3LYP/Def2-TZVP (concerning
geometric parameters all three employed density function-
als yield very similar results, see Sect. 3.1). The orbital
populations required for the DM formalism were derived
from HF calculations in conjunction with the minimal
CEP-4G basis set [54–56]. Orbital energies for the out-
ermost valence electrons were calculated with the OVGF
method and the Def2-TZVP basis set [57].
All calculations were performed with the Gaussian 09
software [58].
2.4 Analytical expression of the EICSs
We ﬁtted the cross sections to an expression that resem-
bles the one used in the ERO code [28–30] which is used
for impurity transport simulations in fusion edge plasmas.




















Here, the cross section σ is expressed in 10−16 cm2, the
incident electron energy E and the threshold energy (ﬁrst
ionisation energy) Et are both expressed in eV, and the
ﬁt parameter a1 is expressed in 10−16 cm2 eV. The ﬁt
parameters a2, a3 and a4 are dimensionless.
3 Results and discussion
3.1 Structure and energetics of the iron hydrogen
clusters
The structures of the iron hydrogen clusters considered
in this work are depicted in Figure 1. In Table 1, we
summarise the binding energies and average Fe-H bond
lengths of the various clusters. We also include the val-
ues of the respective quantities reported by Takahashi
et al. [17]. Takahashi et al. [17] used a plane-wave basis
for their calculations, which can explain the slight dis-
crepancies between their and our PBE values. In partic-
ular, at the PBE/Def2-TZVP level of theory we obtain a
small negative binding energy for the FeH molecule and
the increase of binding energies with increasing number
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Fig. 1. Structures of iron hydrogen clusters considered in this
work, i.e. FeHn with n = 1, 2, . . . , 10. Red: iron; grey: hydrogen.
of hydrogen atoms in the cluster is less pronounced in our
results. In the case of the hybrid functionals, the binding
energy hardly increases with the number of hydrogens and
most of them are in the range 0.8 to 1.5 eV for PBE0 and
0.6 to 1.0 eV for B3LYP. Exceptions are the less stable
FeH, FeH4 and FeH5 clusters in both cases. Whereas FeH
and FeH4 are slightly stable, FeH5, in contrast, is pre-
dicted to be (thermodynamically) unstable by both meth-
ods (at zero temperature). The variation of the binding
energy with the number of hydrogens follows the same
trend for both functionals with quantitative diﬀerences
within 0.5 eV.
The geometries of the clusters are very similar for the
three density functionals, indicating in particular that in-
clusion of exact exchange plays no signiﬁcant role. This
can also be seen from the average Fe-H bond lengths given
in Table 1. They vary by mostly 0.05 A˚ for the three
methods. PBE0 yields slightly longer bonds than PBE,
with diﬀerences in average bond length within 0.02 A˚.
B3LYP yields slightly longer bond lengths than PBE0
and the diﬀerences in average bond length are within
0.03 A˚.
3.2 Electron-impact ionisation cross sections (EICSs)
3.2.1 EICS of Fe
In Figure 2, we plot the EICSs of iron calculated in this
work, together with those from former theoretical and ex-
perimental studies. We note that our DM cross section
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Fig. 2. EICSs for iron as obtained in this work and from earlier
theoretical and experimental studies. The colors and symbols
are assigned as follows. Thick (thin) black line: DM cross sec-
tion of iron in the 3d6 4s2 electronic ground state (in 3d7 4s1
conﬁguration). Thick (thin) red line: BEB-AE cross section
of iron in its electronic ground state (in 3d7 4s1 conﬁgura-
tion). Thick (thin) dashed red line: BEB-ECP cross section
of iron in its electronic ground state (in 3d7 4s1 conﬁgura-
tion). Thick green line: theoretical cross section obtained by
Deutsch et al. [62]. Thick blue line: theoretical cross section
obtained by Tsipinyuk et al. [44]. Thick orange line: theoret-
ical cross section obtained by Goswami et al. [26]. Thick vi-
olet line: theoretical cross section obtained by McGuire [63].
Open black squares: Experimental cross section from Freund
et al. [60]. Full black circles: Experimental cross section from
Shah et al. [59].
(thick black line in Fig. 2) with a maximum of 4.58 ×
10−16 cm2 at 33 eV is in reasonable agreement with the
experimental cross section obtained by Shah et al. [59]
(full black circles in Fig. 2; maximum of 4.08 × 10−16 cm2
at 35 eV). This experimental cross section appears to be
more reliable than the cross section obtained by Freund
et al. [60] (open black squares in Fig. 2) as the latter shows
a non-zero cross section below the ionisation energy of iron
in its electronic ground state, i.e. 7.92 eV [61]. The sub-
stantially higher maximum of 5.34 × 10−16 cm2 at 29 eV
in the latter cross section [61] is also an indication that this
cross section includes contributions from the ionisation of
excited metastable iron [62]. There is a slight diﬀerence
between our DM cross section and the one obtained by
Deutsch et al. [62], which yields a maximum of 4.59 ×
10−16 cm2 at 25 eV and was also obtained using the DM
formalism. However, it is not completely clear which data
was used for the atomic orbital energies in their work [62].
In the case of atomic Fe, we used the experimental ionisa-
tion energy of 7.92 eV for the electrons in the 4s orbital,
while the energies of the ﬁve 3d orbitals were obtained
by the OVGF method and were averaged to obtain a sin-
gle value for the 3d orbital. Contributions from all lower
lying orbitals were found to be negligible for the cross
section. Data from earlier theoretical studies yield higher
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Table 1. Binding energies EBE, average Fe-H bond lengths D, and spin multiplicities (2S + 1) of the FeHn (n = 1, 2, . . . , 10)
clusters.
EBE (eV) D (A˚)
FeHn Multiplicity B3LYP PBE0 PBE PBE
a B3LYP PBE0 PBE PBEa
1 4 0.14 0.11 −0.07 0.03 1.55 1.55 1.53 1.56
2 5 0.61 0.82 0.45 0.64 1.62 1.63 1.62 1.60
3 4 0.84 0.89 0.76 1.13 1.70 1.68 1.67 1.67
4 3 0.28 0.31 0.63 1.46 1.63 1.61 1.60 1.60
5 2 −0.16 −0.14 0.68 2.12 1.60 1.58 1.56 1.68
6 3 0.74 1.00 1.41 2.90 1.61 1.59 1.59 1.56
7 2 0.60 0.85 1.67 3.45 1.62 1.59 1.59 1.59
8 3 0.92 1.23 1.97 3.84 1.68 1.66 1.65 1.65
9 2 0.79 1.15 2.17 4.70 1.65 1.62 1.60 1.60
10 1 1.01 1.49 2.82 5.80 1.60 1.58 1.57 1.57
a from reference [17], obtained with a plane-wave basis set.
cross sections with maxima around the experimental one
provided by Freund et al. [60], i.e. 5.55 × 10−16 cm2 at
32 eV, 5.05 × 10−16 cm2 at 35 eV and 5.14 × 10−16 cm2
at 25 eV for the data provided by Tsipinyuk et al. [44],
Goswami et al. [26] and McGuire et al. [63], respectively.
The BEB-AE cross section (thick red line in Fig. 2)
yields by far the highest value for the cross section (max-
imum at 6.77 × 10−16 cm2 at 42.5 eV). The BEB-ECP
cross section (thick dashed red line in Fig. 2) is lower and
in signiﬁcantly better agreement with experimental and
other theoretical data (maximum at 4.86 × 10−16 cm2
at 46.5 eV). The experimental ground state of the iron
atom is [Ar] 3d6 4s2 and our cross sections have been
constructed for this state. HF calculation of the quintet-
conﬁguration results in the 3d7 4s1 electronic conﬁgura-
tion which is experimentally the ﬁrst excited electronic
state. Such behaviour is not unusual in the case of tran-
sition metals with several electronic states close to each
other. In order to calculate the cross section for the [Ar]
3d6 4s2 state, we simply removed one of the 3d electrons
and inserted it into the 4s orbital, for which the exper-
imental ionisation energy was used. The orbital energies
of the six remaining electrons in 3d orbitals were left at
values calculated with the OVGF method. This procedure
amounts to a slight additional approximation. The BEB-
AE, BEB-ECP and DM cross sections for the 3d7 4s1
conﬁguration of iron are also depicted in Figure 2 (thin
black and red lines) and are substantially lower than the
respective cross sections for the Fe ground state, yielding
5.65 × 10−16 cm2 at 50 eV, 3.72 × 10−16 cm2 at 56 eV
and 2.69 × 10−16 cm2 at 38.5 eV for BEB-AE, BEB-ECP
and DM, respectively.
Convergence of the various cross sections at elevated
electron impact energies is observed for our DM cross sec-
tion and the cross sections obtained by Deutsch et al. [62],
McGuire [63] and Shah et al. [59] above 500 eV. The
cross section reported by Tsipinyuk et al. [44] approaches
the experimental cross section of Freund et al. [60] above
100 eV. The cross section obtained by Goswami et al. [26]
seems to approach our BEB cross sections above 1000 eV.
3.2.2 EICSs of the iron hydrogen clusters
In Figure 3, we depict the BEB and DM cross sec-
tions obtained for the iron hydrogen clusters FeHn with
n = 1, 2, . . . , 10. Tabulated data of the cross sections are
also available as supplementary material. In Section S4
of the supplementary information, we give the respec-
tive cross section maxima and their respective energies
together with the parameters obtained by ﬁtting the cross
section data from the DM, BEB-AE and BEB-ECP cal-
culations to equation (6). In summary, the maxima of the
cross sections for the iron hydrogen clusters range from:
6.13 × 10−16 cm2 at 60 eV to 8.76 × 10−16 cm2 at 76 eV,
4.15 × 10−16 cm2 at 77 eV to 7.61 × 10−16 cm2 at 80 eV,
2.49 × 10−16 cm2 at 43.5 eV to 7.04× 10−16 cm2 at 51 eV
for the BEB-AE, BEB-ECP and DM methods, respec-
tively. Again we note that the BEB-AE method yields
substantially higher cross sections than the DM method,
whereas the BEB-ECP yields better agreement with the
latter. The BEB-AE cross section maxima for FeH and
FeH2 are higher by more than a factor two than the respec-
tive DM values. In addition, the BEB-ECP cross sections
are substantially larger than the DM cross sections, up to
almost a factor of two for the FeH, FeH2 and FeH3 clus-
ters. For the larger clusters the cross section maxima are
more similar. For the FeH10 cluster, BEB-AE and BEB-
ECP cross sections are, however, still larger by about 24%
and 8%, respectively, than the DM cross section. It should
be noted that discrepancies of up to 50% between the re-
sults of diﬀerent methods, as well as similar discrepancies
between calculated and experimentally determined ioni-
sation cross sections are not unusual [19,21,34]. Neverthe-
less, deviations of a factor of two or more appear sur-
prising. To our knowledge, only for atomic tungsten has
such a deviation (of about a factor of two) been reported
previously [62].
It is interesting to note that especially the cross sec-
tions of the small iron hydrogen clusters are substantially
smaller than those obtained for atomic iron. This is the
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Fig. 3. BEB-AE (open red squares), BEB-ECP (open blue
diamonds) and DM (open black circles) cross sections obtained
for the iron hydrogen clusters considered in this work. Fits
obtained using equation (6) are shown also (red, blue and black
lines).
case for both the DM and the BEB methods. Inspection
of the orbital populations shows a low population of the
Fe 4s orbitals and a signiﬁcant amount of electron trans-
fer from iron to the hydrogen atoms. This is in line with
the results of an earlier study on the stability and bond-
ing mechanisms of iron hydrogen clusters [17]. In fact, the
cross sections for FeH are rather similar to those of atomic
iron in the 3d7 4s1 conﬁguration also indicating the de-
population of the 4s orbital upon Fe-H bonding. Since
the contribution of the 4s electrons dominates (by almost
80%) the DM cross section of atomic iron due to the com-
parably large value of the maximum radial density of the
4s orbital, depopulation of the 4s orbital upon Fe-H bond-
ing can signiﬁcantly reduce the respective cross section.
The BEB formalism captures the contributions from the
populations of diﬀerent atomic orbitals only implicitly via
potential and kinetic energies of the molecular orbitals and
lacks any further geometric parameters. Due to the large
size of the 4s orbital, its kinetic energy is smaller than
the kinetic energies of the Fe 3d orbitals and its depopu-
lation causes a lowering of the cross section as can be seen
from the BEB formula. As such, both the BEB and DM
methods succeed in reproducing the same general trend.
Upon increasing the number of hydrogen atoms in the
cluster, the DM cross sections increase continuously. Two
BEB cross sections show a diﬀerent behaviour. The max-
ima of the BEB-AE and BEB-ECP cross sections for FeH3
and for FeH5 are higher than the maxima for FeH2, FeH4
and FeH6.
4 Conclusion
We calculated electron impact ionisation cross sections
(EICSs) of iron hydrogen clusters, FeHn with n =
1, 2, . . . , 10, from the ionisation threshold to 10 keV using
the Deutsch-Ma¨rk (DM) and the binary-encounter-Bethe
(BEB) formalisms. We also compared the eﬀect of using
either all-electron basis sets or eﬀective-core potentials for
inner-core electrons in the quantum chemical calculations
necessary to obtain the orbital and kinetic energies re-
quired for the BEB method on the resulting BEB-AE or
BEB-ECP cross sections, respectively. The maxima of the
cross sections for the iron hydrogen clusters range from:
6.13× 10−16 cm2 at 60 eV to 8.76× 10−16 cm2 at 76 eV,
4.15× 10−16 cm2 at 77 eV to 7.61× 10−16 cm2 at 80 eV,
2.49× 10−16 cm2 at 43.5 eV to 7.04× 10−16 cm2 at 51 eV
for the BEB-AE, BEB-ECP and DM methods, respec-
tively. Both BEB approaches yield cross sections substan-
tially higher than those obtained via the DM method,
most pronounced for the smallest FeH and FeH2 clusters
with deviations of more than a factor of two for BEB-AE
and almost a factor of two for BEB-ECP. Generally, the
agreement between BEB-ECP and DM is better than be-
tween BEB-AE and DM. Together with the comparison
of the obtained cross sections for atomic iron with experi-
mental and other theoretical data, this ﬁnding agrees with
a former recommendation of the use of the BEB-ECP ap-
proach for molecules containing heavy elements [47]. Upon
Fe-H bonding, we note a substantial depopulation of the
iron 4s orbitals underlying signiﬁcantly lower cross sec-
tions for small iron hydrogen cross sections than for the
cross sections of atomic iron, but similar to those obtained
for excited iron in its 3d7 4s1 electronic conﬁguration.
Both the DM and BEB cross sections could be ﬁtted per-
fectly against a simple expression used in modelling and
simulation codes in the framework of nuclear fusion re-
search. Moreover, we analysed structures and energies of
the iron hydrogen clusters, which revealed a signiﬁcant
eﬀect of the inclusion of exact exchange in the density
functional for the energetics while the cluster geometries
were insensitive to it.
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